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Quantum information processing (QIP) has 
become an attractive interdisciplinary research 
topic [lj. With single quantum systems controlled 
to encode elementary 'quantum' bits (qubits) 
of information, a fundamental enhancement of 
computing and information security is now in 
reach [2], [3]. Particular attention is paid to QIP 
in linear-optics quantum circuits (LOQC) [4— 7J, 
which are in principle scalable to larger networks 
if it were not for the spontaneous nature of para- 
metric down conversion (PDC) photon sources. 
Here, we demonstrate that single photons de- 
terministically emitted from a single atom into 
an optical cavity [8— 10J can be equally used for 
LOQC, thus levying these restrictions. With a 
~ 500 ns coherence time, also a sub-dividision of 
photons into several time bins of arbitrary am- 
plitudes and phases is possible. In particular, 
in place of storing a simple qubit in one photon 
(being present or absent), the subdivision into d 
time bins is now used to encode arbitrary qudits 
in one photon. We verify the fidelity of the en- 
coding with a series of quantum-homodyne mea- 
surements. These are performed by sending the 
photons of interest together with single reference 
photons (acting as local oscillator) into a small 
quantum network consisting of one single beam- 
splitter, and monitoring the photon-photon cor- 
relations between its output ports in a time re- 
solved manner [11, 12j. 

One of the most challenging tasks in LOQC is prepar- 
ing the initial quantum states of the photons. This is 
typically achieved via dual-rail entanglement [13] where a 
single photon incident on a 50:50 beam-splitter is split be- 
tween the two output ports into the non-separable state 
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which is the general representation of a photon prepared 
in a quantum superposition of two modes, whether these 
occupy different regions in space, or separate periods in 
time. Here, we concentrate on the latter - for a twin-peak 
photon in time, we may associate the amplitude of 1 10) 
with the probability of detecting the photon in the the 
first peak, and the amplitude of |01) with the probability 
of detecting it in the second peak. In case the amplitudes 



and the relative phase <j) between the two peaks (or time 
bins) can be freely adjusted, such a photon may represent 
any arbitrary qubit. 

We achieve this desired degree of flexibility using a 
strongly coupled atom-cavity source to efficiently gener- 
ate photons of almost any arbitrary amplitude and phase 
evolution [9j [TO]. Fig. [2k shows that we have a single 
87 Rb atom coupled to a high-finesse cavity undergoing a 
Raman transition between two hyperfine ground states. 
This transition - driven by a pump laser Q(t) and the vac- 
uum field of the cavity mode [14] - results in the emission 
of a single photon through the output coupling mirror of 
the cavity. The amplitude of the driving laser is modu- 
lated such that iV-peak photons of 230 ns peak duration 
are obtained. Fig.[2]3 shows the intensity of twin-peak 
and triple peak photons of 460 ns and 680 ns duration, 
respectively. To impose an arbitrary phase change of 
(j) between neighbouring peaks within one photon, it is 
sufficient to alter the phase of the driving laser between 
peaks. This is accomplished with a phase shift to the 
radio frequency controlling the acousto-optic modulator 
we use to generate the driving pulse. Thus even the cre- 
ation of more complex states is trivial, as we can directly 
shape the amplitude and phase profile of the photons. 
The photon source exhibits a very high emission proba- 
bility of 85 % [15 , singleness (g 2 (0) < 0.05), and operates 
at a repetition rate of 1 MHz. 
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FIG. 1. Quantum homodyning of single- and twin-peak pho- 
tons. Photons of identical envelope arrive simultaneously. 
The local-oscillator photon exhibits no internal phase jumps, 
but the signal does. This gives rise to correlation events. 

To fully verify that the quantum state of the emitted 
photons corresponds to the desired qubits, we need to 
monitor their phase with time, or at least measure the 
relative phase between individual time bins. We do this 
with a newly developed quantum homodyning technique. 
In contrast to the continuous variable regime [16 , it is 
not based on the interference between a strong 'classical' 
local oscillator (LO) and a weak signal beam, but relies 
only on quantum interference. The signal photon defined 
by Eq. M interferes on a beam splitter (BS) with a single 
LO photon, |* LO ) = (|10) + |01)) /v 7 ^, which exhibits no 
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FIG. 2. Single-photon source, (a) A single 87 Rb atom is placed inside a high-finesse cavity using an atomic fountain. A 
Raman transition is driven within this atom which produces a single photon with a pre-determined spatio-temporal envelope, 
for example of double or triple-peak shape. A 200 m long fibre is used to delay one photon such that it overlaps with the 
subsequently emitted photon, (b) Intensity envelope of twin-peak and triple-peak photons, (c) Cross-correlation function from 
the homodyne measurement of twin-peak photons as a function of detection time delay r. The reference signal (perpendicular 
polarisation) is shown in grey, the homodyne signal (parallel polarisations) is red. The relative phase shift <j) between the 
signal-photon peaks has been varied from to tt. (d) Visibility of the cross-correlation side peaks (see text) shown along with 
the expected dependence (blue) and the 95% confidence bounds (grey). 



phase shift between time bins. Fig. [T] shows that the pho- 
tons arrive simultaneously at the BS in spatio-temporal 



modes A and £?, thus that the input state o/ A a B |0) trans- 
lates into a superposition of output states using the op- 
erator relation of the BS, a) A B ex a/ c db a) D . Applied to 
twin-peak signal and LO photons, the unnormalised cre- 
ator of the output state reads 

(4i) 2 - (4i) 2 + e^((4 2 ) 2 - (6k) 2 )+ (2) 

((44-44)(l + e^) (3) 

-(a^ m -a^ ci )(l-e^)), (4) 

where the indices 1 and 2 refer to the corresponding time 



bins. The first line contains all the creation operator 
pairs where both photons are detected in the same time- 
bin. Here the photons always coalesce and are found in 
the same output port. The more interesting final lines 
describe the situation where the photons are detected 
in different time-bins. In the case of identical photons 
(0 = 0) the cross terms vanish and no correlations be- 
tween different detectors are found. This corresponds to 
the well known Hong-Ou-Mandel effect [17] • However, if 
we choose (j) = tt the photons do not always coalesce, in- 
stead they are actively forced into opposite output ports 
if detected in different time bins. For instance, with the 
first photon detected in (71, the second must be detected 
in D2. The photon correlations, which normally follow 
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FIG. 3. Equivalent photonic circuits: The emission of two twin-peak photons and their subsequent time-resolved overlap on a 
beam-splitter is represented as an equivalent quantum circuit using spatial modes. Real time-resolved detector clicks can be 
mapped to virtual detectors firing using the translation table. Correlations from the time-resolved quantum-homodyne signal 
can be sub-divided into cases where both detectors fire in the same time bin (brown), or in successive time bins (green). The 
signal thus reduces to the correlations between virtual detectors, shown as 3D bar charts. The upper plots are for perpendicularly 
polarized photons and the lower for parallel photons with a <j) — tv phase shift. 



bosonic statistics, are projected into a quasi-fermionic 
state by the first detection and the change in relative 
phase. Thus the photons do not coalesce if detected in 
different time-bins. Therefore, by examining the number 
of correlations in opposite ports of the beamsplitter, the 
value of the relative phase difference between any pair of 
time-bins can be determined. 

A simplified outline of the experimental arrangement 
along with the cross correlation of the two single-photon 
detectors is shown in Fig. [2^. The stream of alternating 
signal and LO photons is emitted from the cavity and 
split equally by a polarizing beamsplitter (PBS) between 
the long (upper) and short (lower) beam paths, thus that 
successively emitted signal and LO photons may arrive 
simultaneously at the non-polarising 50:50 beam split- 
ter (BS). When perpendicularly polarized the photons 
do not interfere and the correlation function is the auto- 
convolution of the photon shape, i.e. a triple peak in case 
of twin-peak photons, (grey in^), with a large central 
peak caused by detector clicks in a) cl ci D1 and o) C2 a} D2 
and two side peaks of half the height caused by the cor- 
relations between cl c1 cl D2 an d ^c2^di- 

With parallel polarization the photons interfere and 
the correlation function (red) depends strongly on the 
relative phase between the two peaks of the signal pho- 
ton. As discussed above, no correlations are found within 
identical time bins, so the central peak around zero 
detection-time delay vanishes. This is not the case for 
the two side peaks in the correlation function centred 
around ±230 ns. These can be attributed to correla- 
tions between the two detectors with photons registered 
in different time bins. The number of these events de- 



pends strongly on <\> and is expected to vary between 
zero and twice the number of reference counts (those of 
the perpendicular-polarised photons). 

The visibility [18] of the cross-correlation side peaks 
at ±230 ns is shown as a function of <j) in Fig.[2]i. The 
data clearly shows the expected behaviour; starting from 
a minimum at <f> = the correlations rise to a maximum 
with at (j) = 7r and then decrease again. It does not span 
the full — ?► 2 range due to the inherent coherence time of 
the experiment (500 ns). Taking the latter into account, 
the expected change in peak visibility has been calculated 
(blue trace). It agrees well with a theoretical fit to the 
data (grey, confirmed within the 95 % confidence bounds 
of a x 2 -test). 

A better insight is gained by drawing an equivalent 
quantum circuit, where different time bins are sketched as 
if they were different spatial modes (Fig. [3]). In reality, we 
have two photons, each existing in both time bins, and all 
interfering on a single beam-splitter with detectors A and 
B in its output ports. The successive production of the 
twin-peak photons in the cavity corresponds to sending 
single photons to a beam splitter, with a possible phase 
shift in one of the signal-photon modes. Outside the cav- 
ity, the real beam splitter is used twice (once per time 
bin), and so are the detectors. Hence the equivalent out- 
side circuit consists of two virtual beamsplitters and four 
virtual detectors. As we can allocate all photon counts 
to their specific time bins, a simple translation table can 
be drawn to map the real detector clicks to the corre- 
sponding virtual detectors firing. It is a straightforward 
exercise to link cross correlations between these virtual 
detectors to the correlation pattern shown in FigSc). 
These can be thought of as the sum of the four possi- 
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FIG. 4. Qutrits: With the number of time-bins increased to three, the quantum circuit substantially increases in size. There 
are now seven beam-splitters and six detectors in the virtual setup whilst the apparatus is unchanged. The right-hand plot 
shows the time-resolved correlations for photons with perpendicular polarisation (grey) and parallel polarized photons (blue) 
with a phase shift in the central time-bin of <f>i = ir (orange) and with phase shifts of <j>\ — tt/2 in the central and 02 = tt in 
the final time bins (green). The correlations of the virtual detectors are also shown as 3D bar charts. 



ble detector cross-correlations, 61,2,63,4 and 61,4,62,3. 
However, as we record the absolute time at which the 
real detectors fire, all virtual correlations can be defined. 
This is shown for both perpendicularly polarized photons 
and parallel polarized photons with a <fi = tt phase shift 
in the signal photon. The full time-resolved correlation 
function - which might depend strongly on the photon 
shape - can therefore be time-binned and normalized to 
give the relative correlations between virtual detectors. 
Using these, the fidelity of the qubit state preparation 
was found to be F = 0.93. 

So far, we have shown that it is possible to use time- 
bin encoding to represent a photonic qubit. However, the 
versatile photon-generation process does not limit us to 
twin-peak photons. We can scale up the system, adding 
additional time-bins, each with their own amplitude and 
and arbitrary relative phases between them. In other 
words we can produce arbitrary qudits. To demonstrate 
this scaling ability we have produced triple-peak photons, 
corresponding to the state: 



I*) = 1 100) + e i(f)1 1010) + e i<f>2 1001) 



(5) 



The equivalent circuit which illustrates the preparation 
and analysis of this qutrit is shown in Fig. [4] Although 
the physical apparatus remains unchanged, the virtual 
circuitry has greatly expanded; we now mimic six detec- 
tors using the two which are bolted to our laser table. 
The correlations for the qutrit photons are shown in Fig- 
ure^ both as a time-resolved quantum-homodyne signal 
and as correlations between the six virtual detectors. The 
photon-photon correlation rates found between the var- 
ious time bins (1-2, 2-3, 1-3) all depend on the relative 
phases as expected. Hence encoding a qutrit in a single 



photon is as straightforward as expected. The increase in 
number of time bins is limited only by the coherence time 
and the intrinsic evolution rates of the photon production 
(g, k) = 27r • (15, 12) MHz. Within these limits, we even 
managed to go one step further in encoding ququads in 
photons consisting of four well-separate time bins. With 
these, we still control the relative phases between various 
time bins. However, the visibility of cross-correlations be- 
tween the first and the last time bin is slightly reduced, 
as the period spanned by four time bins exceeds the co- 
herence time. 

Finally, we would like to point out that we initialise 
all time bins upon photon generation. In contrast to 
various other approaches [19, 20 , this new mechanism 
is inherently loss-free and also has the potential of map- 
ping superposition states between atoms and time-binned 
photons [21]. Furthermore, albeit the narrow photonic 
bandwidth, we fully control their phase and mutual co- 
herence properties, so that the criteria set in [22] for op- 
timal LOQC photons do not really apply. In particular, 
the rather slow photon generation process and the oth- 
erwise small photonic circuits and fast detectors allow 
for feedback during photon generation - for instance, the 
geometrical length of the photons is far longer than the 
distance from source to detector. Thus with twin-peak 
photons and a phase flip conditioned on what detector 
fires in the first time bin, we can control to which de- 
tector the second photon goes, provided it gets detected 
in the second time bin. This level of control is unprece- 
dented in single-photon applications. 

In conclusion, for all measurements presented here, we 
have found that the time-resolved analysis of the mea- 
sured quantum-homodyne signal beautifully coincides 



with the theoretical predictions. This demonstrates that 
we successfully prepare deterministically produced pho- 
tons in arbitrary quantum states, i.e. qubits and qutrits, 
with efficiencies of up to 85 % and fidelities > 90 %. As a 
single atom is able of emitting more than 100 times prior 
to leaving the optical cavity, the present achievements 
pave the way to large-scale photonic quantum networks, 
with an effective complexity further enhanced by the 
number of well-separated and therefore resolvable time 
bins realised within one photon. 
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